The use of internal intramedullary nails for long bone fracture fixation is a common practice among surgeons. Bacteria naturally attach to these devices, increasing the risk for wound infection, which can result in non-or malunion, additional surgical procedures and extended hospital stays. Intramedullary nail surface properties can be modified to reduce bacterial colonisation and potentially infectious complications. In the current study, a coating combining a non-fouling property with leaching chlorhexidine for orthopaedic implantation was tested. Coating stability and chlorhexidine release were evaluated in vitro. Using a rat model of intramedullary fixation and infection, the effect of the coating on microbial colonisation and fracture healing was evaluated in vivo by quantitative microbiology, micro-computed tomography, plain radiography, three-point bending and/or histology. Low dose systemic cefazolin was administered to increase the similarities to clinical practice, without overshadowing the effect of the anti-infective coating. When introduced into a contaminated wound, the non-fouling chlorhexidine-coated implant reduced the overall bacteria colonisation within the bone and on the implant, reduced the osteolysis and increased the radiographic union, confirming its potential for reducing complications in wounds at high risk of infection. However, when implanted into a sterile wound, non-union increased. Further studies are required to best optimise the anti-microbial effectiveness, while not sacrificing fracture union.
Introduction
Fractures to the extremities from high energy trauma require fixation hardware to stabilise the injury, traditionally an internal intramedullary (IM) nail or an external ring fixator. Despite extensive measures including multiple rounds of antibiotics, aggressive debridement and delayed definitive treatment, the rate of infection for Gustilo-Anderson Type III fractures can increase to almost 52 % (Gustilo and Anderson 1976; Gustilo et al., 1984; Patzakis and Wilkins 1989; Harris et al., 2009) . The compromised local immunity and implanted fixation devices encourage bacterial colonisation and formation of biofilms that are difficult to eradicate (Gristina et al., 1988; Costerton et al., 2005) . Reduced interaction between the implant and contaminated fracture can be achieved by using an external fixation device . However, external fixators are difficult to place, expensive, cumbersome to the wearer and characterised by higher rates of malunion (O'Toole et al., 2017) . Instead, internal fixation devices, such as IM nails, have many benefits over external fixation. IM nails are easy to place and relatively inexpensive, have high rates of successful unions and provide a better quality of life (Hofmann et al., 2015) ; however, the incorporation of IM nails into highly contaminated wounds results in high rates of infection (Lerner et al., 2006; . To minimise this risk, bacterial adhesion and biofilm colonisation must be reduced, thus decreasing the onset of infection initiated from the implant surface.
Recent strategies to reduce implant-associated infection revolve around the use of antimicrobial-www.ecmjournal.org coated fixation hardware devices (Schmidmaier et al., 2006) . In a rat model, Lucke et al. (2003 Lucke et al. ( , 2005 show that a gentamicin-coated IM nail reduces bacterial contamination, while not interfering with natural bone healing. The same IM nail shows promising infection prevention in a human case series and it is approved for use outside the United States (Fuchs et al., 2011; Metsemakers et al., 2015) . With a rise in antimicrobial resistance, research has been driven towards alternate antifouling techniques and bactericidal compounds. Chlorhexidine (CHX) is used as an implant coating for catheters and is recommended as a topical antibacterial agent for surgical site preparation (Maki et al., 1997; Lim and Kam 2008; Bebko et al., 2015) . At high concentrations, CHX is a broad-spectrum antiseptic with known activity against Staphylococcus aureus (S. aureus), the primary pathogen of orthopaedic infections (Hugo and Longworth 1964; McDonnell and Russell 1999; Zimmerli and Sendi, 2017) . However, CHX is a cytotoxic compound (Pucher and Daniel, 1992) to be used with caution on implants near healing tissues. Preliminary studies on a titanium implant confirm that the use of a CHX coating decreases bacterial colonisation, despite its effect upon bone healing not having been confirmed (Darouiche et al., 1998; Riool et al., 2017) . On the other hand, the addition of an antifouling surface modification can prevent the initial bacterial attachment and biofilm formation (Campoccia et al., 2013) . Zwitterionic compounds, such as poly-sulphobetaines, are highly resistant to non-specific proteins and reduce surface biofilm formation (Cheng et al., 2007; Smith et al., 2012) . Smith et al. (2012) and Gupta et al. (2014) apply poly-sulphobetaines to vascular catheters to reduce microbial attachment, thus reducing thrombus formation and demonstrating chemical translation to titanium surfaces for potential orthopaedic use. However, their utility in reducing biofilm formation on orthopaedic devices in vivo is not thoroughly investigated (Sin et al., 2014; Wang et al., 2014) .
The goal of this project was to determine the effectiveness of a non-fouling, CHX-releasing surface modification in reducing the incidence of S. aureus bone infection, while evaluating the effect of the coating on natural, spontaneous fracture healing in a rat model.
Materials and Methods
Modified Kirschner wire preparation and CHX release Titanium Kirschner wires (K-wires, 1.25 mm, partially threaded; MK Medical GmbH & Co., Stahlhofen, Germany) were modified with the deposition of a proprietary polymer layer, with or without leaching CHX, followed by brush polybetaine grafting, with a final thickness of 27.0 μm (Teleflex Inc., Cambridge, MA, USA) (Smith et al., 2012; Weinstock et al., 2012; Wang et al., 2014) (Fig. 1) . Briefly, K-wires were coated using a dip-coating technique to apply a non-porous polymer reservoir containing either CHX diacetate or polymer alone. Then, the coated K-wires were introduced into a polymerisation initiator followed by immersion at 37 °C for 16 h into a solution of 10 % N-(3-Sulphopropyl)-Nmethacryloxyethyl-N,N-dimethylammonium betaine (SBMA) containing 5 mM ferrous (II) gluconate. The coated K-wires, SBMA or SBMA + CHX, were washed at room temperature in 0.9 % NaCl followed by deionised water, air dried, sterilised with ethylene oxide and stored until use. A 20 % CHX weight loss was measured from the polymer layer during the final polymerisation, with a final CHX loading of 23 μg/mm 2 titanium surface, which was determined by calculating dry wire weight change after coating. To evaluate the CHX release from the surface modification, 100 mm SBMA + CHX-coated K-wires were placed in 50 mL phosphate buffered saline (PBS) at 37 °C. At specific time points, CHX concentration was measured by spectroscopy (Synergy 2, BioTek, Winooski, VT, USA) at 231 nm (n = 4, 3 measurements per sample). The stability of the SBMA brush layer was evaluated by incubating coated titanium in bovine serum albumin for 30 d at 37 °C and measuring SBMA thickness by attenuated total reflectance infrared spectroscopy (Weinstock et al., 2012) . Fig. 1 . Schematic of the coating morphology. A thin polymer layer, with or without CHX, was applied to the titanium surface. Next, the non-fouling SBMA brush layer (~ 930-1180 nm) was bonded to the polymer layer for a final modification thickness of 27 μm (figure not to scale).
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CHX susceptibility testing
The minimum inhibitory concentration (MIC) of CHX diacetate was determined using the Clinical and Laboratory Standards Institute broth dilution method (CLSI, 2013) . A methicillin-susceptible S. aureus (UAMS-1, 49230, ATCC), isolated from a patient with chronic osteomyelitis, was cultured in trypsin soy broth (TSB) to a final concentration of 10 6 colony forming unit (CFU)/mL (Gillaspy et al., 1995) . In a 96-well plate, 90 μL of UAMS-1 were added to serial dilutions of CHX (0.125-8 μg/mL). Media control (no bacteria) and positive control (no CHX) wells were included. Plates were incubated at 37 °C for 20 h. MIC was determined as the first concentration of CHX with visibly reduced medium turbidity as compared to the positive control.
Statistical analysis
Release kinetics are presented as mean ± standard deviation (SD). Bacteria enumeration data were logtransformed prior to statistical analysis by one-way or two-way analysis of variance (ANOVA), followed by Tukey's post-hoc test. Quantitative micro-computed tomography (μCT) is presented as means ± standard error of the mean (SEM) and was analysed by oneway ANOVA. Categorical data, such as the presence of signs of infection or union versus non-union, were analysed by Fisher's 2 × 2 contingency table. Significance for all tests was set to p < 0.05. Table 1 . Experimental design of in vivo studies. Each experiment was delineated by the presence (+) or absence (−) of 10 2 CFU of bacteria and/or a 1 mm osteotomy through the midshaft. Experiment 3 and 4 also investigated the addition of systemic cefazolin (0, 0.5 and 1.0 mg/kg) given twice daily for 72 h. Group (n) indicates the number of animals within each group that received surgery. Outcome (n) indicate the number of animals that were assessed with the identified measurement tool. Unmodified indicates an unmodified titanium K-wire; SBMA, SBMA and polymer-reservoir-only-coated K-wire; SBMA + CHX, SBMA and polymer reservoir with releasing CHX-coated K-wire. 1 o and 2 o indicate primary and secondary outcome measurement tools, respectively. Data from experiment 1 were used to perform a power analysis for experiment 3, to reduce the number of animals necessary to obtain meaningful data. www.ecmjournal.org and lower leg, through the anterior compartment, revealing the patella and tibialis anterior muscle. Blunt dissection was used to elevate the tibialis anterior muscle from the tibia and to expose the tibial plateau through the patellar tendon, with careful attention to maintain muscle and tendon attachments. An 18 gauge cannulated needle was used to create a hole through the tibial plateau and ream the medullary cavity of the tibia. The animals were separated into 4 experimental groups, receiving either an osteotomy, an inoculation of UAMS-1 or both (Table 1 ). The osteotomy was made using an ultrasonic dental tool, fitted with a serrated bone cutting insert (Piezosurgey Incorporated, Columbus, OH, USA) to minimise damage to surrounding tissues. Animals were further separated into treatment groups, receiving either an unmodified titanium control K-wire, a SBMAcoated K-wire or an SBMA + CHX-coated K-wire. K-wires were trimmed-flush to the tibial plateau to an average length of 26.77 ± 0.28 SEM mm. Following the specific osteotomy or bacterial inoculation, the compartment and skin were closed with 4-0 vicryl and a plain radiograph was acquired using a closed cabinet X-ray (Ultrafocus100, Faxitron, Tucson, AZ, USA) to verify wire placement and, when applicable, osteotomy reduction. Animals recovered while having food and water available ad libitum. They were subjected to physical assessments twice daily for the first 3 d after surgery followed by weekly assessments thereafter to monitor for pain, stress and complications. In the presence of an abnormal gait, different from the other surgical mates, the animal was assessed radiographically. If rotation or crushing around the osteotomy were noted, the animals was sedated, euthanised and excluded from the study. At their designated time point, the animals were anaesthetised with isoflurane and euthanised with an overdose of a commercially available sodium pentobarbital (FatalPlus ® , Vortech Pharmaceuticals LTD, Dearborn, MI, USA). The limbs were recovered and processed depending on their outcome measure.
In vivo -K-wire implant procedure
Experiment 1: effectiveness of the CHX-releasing coating in reducing infection of intact bone
To determine the infection mitigation potential of the various IM wires in an intact bone, after reaming of the tibia, 10 μL of 1.89 × 10 2 ± 9.89 SEM CFU of UAMS-1 were delivered to the IM canal of SpragueDawley rats (n = 48) and incubated for 2 min prior to placement of the experimental K-wire (Table 1) . The wires were threaded into the IM canal, twisted into the distal portion of the tibia and trimmed-flush within the tibial plateau. After 2 weeks, the animals were anaesthetised and euthanised, the hindlimb aseptically harvested and processed for bacterial enumeration.
Experiment 2: effect of the CHX-releasing coating on normal fracture healing
To determine the impact of the coating on normal bone healing in a sterile environment, following reaming of the tibia in Sprague-Dawley rats (n = 59), a complete 1 mm osteotomy was created through the tibia, approximately 12 mm distal to the tibial plateau. The wires were threaded into the IM canal and twisted into the distal portion of the tibia to stabilise the bone. After 4 weeks, the animals were euthanised, the hindlimb harvested and placed into phosphate buffered saline (PBS) or 10 % neutral buffered formalin. All tibiae were analysed for bone formation by μCT. Histology was performed on 7 (unmodified control and SBMA + CHX) and 4 (SBMA) tibiae from each group. Mechanical testing was performed on the remaining tibiae from each group not used for histology.
Experiment 3: contribution of systemic antibiotics to the effectiveness of the CHX-releasing coating in a contaminated fractured bone
The goal of this experiment was to determine the infection mitigation potential of the modified IM K-wire when used to stabilise a tibia following an osteotomy in Sprague-Dawley rats (n = 30). Following Chlorhexidine coating reduces bone infection reaming of the tibia, a complete 1 mm osteotomy was created through the tibia, approximately 12 mm distal to the tibial plateau. 10 μL of 5.9 × 10 2 ± 30.8 SEM CFU of UAMS-1 were applied to the IM canal and incubated for 2 min prior to placement of the experimental K-wire. The wires , either unmodified or SBMA+CHX, were threaded into the IM canal and twisted into the distal portion of the tibia to stabilise the bone. The animals were separated into three systemic antibiotic groups (Table 1) , each group receiving either 1.0 mg/ kg cefazolin, 0.5 mg/kg cefazolin or saline as a control. During the first 72 h, the animals received twice daily injections of cefazolin or saline. After 2 weeks, the animals were anaesthetised and euthanised, the hindlimb aseptically harvested and processed for bacterial enumeration.
Experiment 4: overall usefulness of a CHX-releasing coating in a contaminated fracture healing model
To evaluate the overall utility of the CHX coating in a contaminated fracture model, infection prevention and functional healing were measured in SpragueDawley rats (n = 24). Following reaming of the tibia, a complete 1 mm osteotomy was created through the tibia, approximately 12 mm distal to the tibial plateau. 10 μL of 5.58 × 10 2 CFU of UAMS-1 were applied to the IM canal and incubated for 2 min prior to placement of the experimental K-wire. The wires were threaded into the IM canal and twisted into the distal portion of the tibia to stabilise the bone. During the first 72 h, the animals received twice daily sub-cutaneous injection of 1.0 mg/kg cefazolin, as this dose caused the highest reduction of bacteria within the wound when combined with the SBMA + CHX-coated wire (experiment 3). After 4 weeks, the animals were anaesthetised and euthanised, the hindlimb harvested and placed in PBS or 10 % neutral buffered formalin. Fracture healing and bacteria colonisation were evaluated using μCT, histology and mechanical testing.
Bacterial enumeration
Upon aseptic harvesting of the right tibia, the bone was snap-frozen in liquid nitrogen, pulverised into a fine powder, resuspended in sterile saline and vortexed for 30 s (Belmatoug et al., 1996; Shiels et al., 2015) . Wires were sonicated in saline solution for 15 min. The supernatant from the bone homogenate and K-wire was serially diluted in sterile normal saline, plated onto sheep's blood agar (Thermo Fisher Scientific) and incubated overnight at 37 °C. Bacteria colonies were counted and normalised to tissue or wire mass.
μCT μCT was used to evaluate the total bone formation surrounding the healing osteotomy of each tibia. The tibiae were scanned following removal of the implanted K-wires using the VivaCT40 (Scanco Medical, Bassersdorf, Switzerland) at 70 kVp and 114 μA. The scan resolution was 21 μm with a 300 ms integration time. For experiment 2, the analysed region encompassed the entire fracture callus and was restricted to a total length of 6 mm (3 mm proximal and 3 mm distal to osteotomy). For experiment 4, a distinct osteotomy location could not be defined due to intense osteolysis; therefore, a total diaphysial length of 9 mm (not necessarily centered on the osteotomy as in experiment 2) was evaluated.
Mechanical evaluation
Mechanical stability was measured by three-point bending (LS5, Lloyd Instruments, Largo, FL, USA). Wires and excess tissue were removed from the tibia. The tibiae were placed onto the support struts, medial side down and stressed until fracture. A 20 mm support span was used with a strain rate of 2 mm/min and a preload of 0.1 N. If the tibiae did not maintain integrity across the support span before or upon preload, bones were determined as not fused and stress-to-fracture was calculated as 0 N. Tibiae were strained until a significant drop in stress was detected by the instrument, which then stopped.
Histology
The harvested tibiae were fixed in 10 % neutral buffered formalin. The wires were removed and the bones were decalcified in 5 % formic acid for 21 d and Fig. 2 . Cumulative release of CHX from SBMA + CHX-modified titanium K-wires. Cumulative release of CHX after 91 d was 16.78 μg/mm 2 (total 6,589.5 μg), 78 % of loaded CHX. With a total wire length of 100 mm, there was a total daily release of 70.9 μg CHX per day in vitro (0.18 μg/mm 2 /d). The limit of detection was 1. Error bars were too small to be represented. www.ecmjournal.org processed for paraffin embedding. A microtome was used to cut 5 μm-thick sections, which were mounted and stained with haematoxylin and eosin (H&E) or modified gram stain (Becerra et al., 2016) . Histological sections were scored by a board certified veterinary pathologist according to a semi-quantitative grading system (Table 2) .
Results
In vitro stability and CHX release
The SBMA coating and CHX release were stable and followed first-order release kinetics. There was no significant change in SBMA thickness, from 1180 ± 464 nm to 932 ± 146 nm, after 30 d of incubation (p < 0.05). CHX had a burst release followed by a steady diminishing release over a period of 90 d, with a total CHX release of 16.78 ± 0.038 SD μg/mm 2 (78 % of the loaded CHX) and an average daily rate of 0.18 μg/mm 2 (Fig. 2a,b) . With an average wire length of 26.77 ± 0.28 SEM mm, each animal was implanted with an average of 2.40 mg CHX with an average total release of 18.9 μg/d.
CHX susceptibility CHX had a MIC of 2 μg/mL against UAMS-1.
In vivo evaluation Experiment 1: the presence of CHX reduced infection in vivo
Compared to the unmodified control, the SBMAcoated wire did not reduce the number of bacteria either in the bone or on the wire; however, when CHX was added to the coating, there was an average 3 log reduction of bacteria in the bone and 5.5 log reduction of bacteria on the modified K-wire (Fig.  3a,b) . 3 animals, 2 unmodified control and 1 SBMA, were euthanised and excluded due to uncontrollable oedema in the ipsilateral foot prior to study end.
Experiment 2: released CHX affected natural bone healing CHX within the surface modification affected bone formation and healing of a non-critical osteotomy, predominantly decreasing union rate. The total amount of bone formed around the osteotomy and measured by μCT was not altered by the inclusion of the SMBA or SBMA + CHX modification, compared to the unmodified control. Instead, in the medullary Fig. 3 . Experiment 1. Bacteria recovered from (a) bone and (b) implanted K-wire. SBMA + CHX reduced the overall bacterial number in bone as compared to the unmodified control wire and the SBMA-onlycoated wire (* p < 0.01 one-way ANOVA of log-transformed data). SBMA + CHX reduced bacteria on the wire itself when compared to the unmodified control wire and the SBMA-only-coated wire (* p < 0.01, ANOVA of log-transformed data). Fig. 4 . Experiment 2. Bone volume of callus and fraction of the medullary canal as determined by μCT. Callus bone volume was determined by drawing a region of interest (ROI) around the newly callused fracture line, spanning 3 mm distal and proximal from the osteotomy. Bone volume fraction was determined by drawing a ROI with the inner cortex as an outer border surrounding the fracture line, spanning 3 mm distal and proximal. The amount of bone was normalised to the total area measured.
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canal, the SBMA + CHX modification associated with a non-significant bone reduction (Fig. 4) . Plain radiographs revealed similar bone and callus morphology around the osteotomy; however, longitudinal images from μCT suggested that the SBMA and SBMA + CHX coatings prevented the interaction between the host tissue and the implanted K-wire, indicated by a lack of tissue apposition to the area occupied by the removed implant (Fig. 5) . Histology confirmed little difference among the groups in the types of tissues present in the fracture callus (Fig. 6) . When evaluated for union at 4 weeks post-implantation, 10 of 13 animals presented bone unions in the unmodified control group as compared to 8 of 14 (p = 0.42) and 4 of 13 (p < 0.05) in the SBMA and SBMA + CHX groups, respectively. No difference was measured in the bending max load among experimental groups (p = 0.47), with max forces of 20.99 ± 7.52 N, 12.85 ± 5.66 N and 10.31 ± 5.51 N in the unmodified control, SBMA and SBMA + CHX groups, respectively; whereas the contralateral limbs withstood an average bending max force of 86.84 ± 2.27 N. One animal (SBMA) was euthanised and excluded due to post-operative torsional destabilisation of the tibia.
Experiment 3: addition of systemic cefazolin increased treatment effect of SBMA + CHX
When combined with an osteotomy, the ability of the SBMA + CHX modification for reducing bacterial bioburden decreased (Fig. 7) . To boost similarities between clinical practices and potentially improve the effectiveness of the SBMA + CHX modification, systemic cefazolin, a standard antibiotic used in orthopaedic surgery, was administered by subcutaneous injection twice daily for 72 h following surgery. When 0.5 or 1.0 mg cefazolin/kg body weight were used, the bacterial bioburden within the bone and on the SBMA + CHX K-wire was significantly reduced (p < 0.05). The combined use of the SBMA + CHX K-wire and systemic cefazolin prevented the morphological changes observed in the unmodified control K-wires, as seen by X-ray (Fig. 8 ).
Experiment 4: SBMA + CHX-modified implants improved fracture healing in a contaminated model as compared to unmodified titanium
When a SMBA + CHX K-wire, combined with systemic cefazolin, was used to stabilise a contaminated osteotomy, an evident mitigation of osteolysis and increased radiographic union were measured as compared to the unmodified control wire (Table 3 ). In addition, although not statistically significant, bending max load increased from 4.3 ± 4.3 to 17.9 ± 6.1 N (p = 0.0998), but remained significantly lower than the non-fractured contralateral tibia (84.4 ± 1.6 N, p < 0.0001). Due to osteolysis and thinning of cortical walls within the unmodified control group, quantitative μCT could not be accurately performed around the osteotomy and compared to the SBMA Fig. 5 . Experiment 2. Radiographs 4 weeks post-operative. Plain radiographs showed intramedullary wire in place with signs of bony callus and fusion (arrowhead). Longitudinal μCT image through the tibia showed evidence of bone formation. Compared to the coated wires, the unmodified control group presented bone formation at the wire interface (arrow). www.ecmjournal.org + CHX group. When comparing the morphology of the tibial diaphysis (9 mm), the total tissue volume of the tibia with the unmodified control wire was significantly larger than in the SBMA + CHX group, indicating an expansion of the tibial area (Fig. 9a) . While this could indicate more callus formation, it was believed to be a periosteal reaction due to the bacteria because, although not statistically significant, bone volume fraction in the unmodified control appeared to decrease as compared to the SBMA + CHX group (Fig. 9b) , which was corroborated by cross-sectional images (Fig. 9c ). Morphological differences were observed in bone tissue when the unmodified control wire was used in place of the SBMA + CHX modified K-wire (Fig. 10) . Whereas the tibiae with the modified K-wire showed signs of bone formation in the form of a callus around the osteotomy site, the tibiae with the unmodified control K-wire exhibited signs of active Representative radiographs 2 weeks post-operative demonstrating the morphological difference between the unmodified control K-wire and the SBMA + CHX modified K-wire when combined with cefazolin. Even when treated with systemic cefazolin for 72 h, bones that received the unmodified control wire showed signs of periosteal reaction (arrowhead) and osteolysis of the tibia (arrow). There were also small fractures located around the osteotomy. When an implant with the SBMA + CHX coating was placed within the bone and supplemented with systemic cefazolin, there was an improvement of bone quality and signs of union. www.ecmjournal.org bone resorption in the form of a thin cortical bone and increased lucency extending the length of the shaft. As measured by histological scoring, although yielding no significant differences, the callus of the unmodified group contained a larger number of spindle and inflammatory cells, namely neutrophils, compared to the SBMA + CHX K-wire (Table 4 ). In addition, bacteria were present throughout the medullary canal, the cortical bone and the fracture callus in the unmodified K-wire. When the SBMA + CHX wire was used, the number of bacteria on the bone surface decreased, leaving bacterial traces within the lacunae, revealing a tissue diffusion limitation of the CHX (Table 4 ). Inflammatory cells, empty lacunae and bacteria-filled lacunae within the unmodified control group provided evidence of infection (Fig. 11a-c) . The SBMA + CHX group showed signs of new bone formation and the absence of bacteria within the fracture callus ( Fig. 11d-f ). 4 animals were euthanised and excluded, 3 unmodified control due to sequestration of the K-wire leading to destabilisation of the operative tibia and 1 SBMA + CHX due to the K-wire rupturing through the posterior cortex of the tibia.
Discussion
Despite meticulous wound care, IM-nail-associated infections remain a leading complication during fracture fixation (Schmidmaier et al., 2006) . The feasibility of a titanium implant, modified with a novel non-fouling CHX-loaded polybetaine coating to reduce the onset of infection without interfering with the natural bone healing process, was investigated. The surface modification of the titanium implant with the CHX-loaded polybetaine coating significantly reduced the onset of infection, but sacrificed the rate of bone union in a sterile environment. When CHX was not incorporated into the surface modification, large quantities of SBMA were recovered from the contaminated wound. The inclusion of CHX into the titanium surface modification reduced the overall bacterial bioburden within an intact bone by approximately 3 log. More impressive, after 2 weeks in vivo, bacteria did not colonise the surface of the CHX-modified titanium implant, despite being present within the bone. This finding provided evidence of the continual presence of CHX on the implant surface. However, when challenged with a fracture, the CHX coating showed decreased antimicrobial effectiveness as compared to an intact tibia. CHX had a relatively short dispersal pattern, unable to reach the outer cortex of the bone and surrounding musculature, as supported by the bacterial colonisation pattern identified in the histological sections. To aid in the antimicrobial function of the coating and increase relevancy to clinical practice, the animals received low doses of systemic cefazolin, a broad-spectrum antibiotic, which, when combined with the CHX coating, reduced the bacterial bioburden. When evaluated in a contaminated fracture model, the combination of systemic cefazolin and CHX-modified implant exhibited a higher union rate and a lower occurrence of osteolysis as compared to an unmodified titanium implant with systemic cefazolin. Definitive fixations using IM nails are standard practice for civilian trauma fracture fixation and are associated with quicker healing and lower rates of malunion (Hofmann et al., 2015) . Internal fixation also has generally positive reviews from patients, due to quick recovery and weight-bearing and little impact on daily activity. Due to the injury size, tissue damage and vasculature disruption of a grade IIIc tibial fracture, infection rates are high with immediate IM nail placement; therefore, definitive coverage and fixation is often delayed until tissues are stable (Lack et al., 2015) . Bone infections can decrease union rate, increase hospital time or result in replacement of the implant or amputation of the infected extremity. Lacap and Frisch (Web Ref. 1) report a 14.3 % infection rate when IM nails are used in wartime tibial fractures, requiring removal of the IM nail in 4 out of 5 cases. Although precautions are taken to minimise implant-related infections, complete eradication of a fracture fixation-associated infection is generally not the primary concern. Attentions is focused on fracture consolidation and minimisation of chronic osteomyelitis, with planned implant removal following fracture healing (Zimmerli, 2014; Metsemakers et al., 2016) . Although the SBMA + CHX did not cause a complete eradication of bacteria when used alone in the fracture model, it did reduce the infection toward the established 10 5 organism cut-off for determining clinical wound infection (Rhoads et al., 2008; Black and Costerton, 2010) . Table 3 . Findings for experiment 4. Radiographic osteolysis as indicated by the presence of bone remodelling, cortical thinning and increased lucency. Bone union as indicated by lack of integrity when placed on span for mechanical testing. p < 0.05 Fisher's 2 × 2 contingency table for yes/no regarding radiographic osteolysis or presence of bone union at mechanical testing.
Unmodified (n = 9)
SBMA + CHX (n = 9) p-value Radiographic osteolysis 7 4 0.092
Bone union 1 7 < 0.05
www.ecmjournal.org
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Extensive research has focused on surface modifications to decrease the incidence of infection due to implanted materials (Campoccia et al., 2013) . Multiple approaches are identified to deter bacterial attachment, prevent biofilm formation or eradicate local bacteria prior to attachment (Darouiche et al., 1999; Cheng et al., 2007; Sanchez et al., 2013; Harmata et al., 2015) . Surface modification, such as anti-fouling coatings, can alter the tendency of bacteria to adhere to the implant by reducing protein absorbance, thus moderating cellular interaction (Ruggieri et al., 1987) . Anti-fouling zwitterionic SBMA coatings reduce bacteria and biofilm formation on vascular catheters. Smith et al. (2012) identify a poly-SBMA catheter coating that reduces S. aureus by 2 log in vitro, but with a slightly decreased anti-fouling response in an ectopic mouse model. Anti-fouling coatings could play an integral part toward reducing device-related orthopaedic infections. However, as discovered in the current study, the use of the SBMA coating alone was ineffective at reducing the infection onset in vivo. Further investigation regarding an antifouling coating that does not include an adjunctive antimicrobial is necessary to completely understand its utility in an orthopaedic setting.
Reservoir coatings that contain antimicrobial agents are more commonly investigated for orthopaedic applications (Campoccia et al., 2013) . The only coated orthopaedic implants available for clinical use is a gentamicin-coated IM nail, approved ) between the two groups (* p < 0.05) was measured. (b) A slight but insignificant decrease in bone volume fraction of the unmodified group compared to the SBMA + CHX group (p = 0.46) was detected. (c) Representative cross-sectional μCT images displaying the gross differences in tibiae acquired within 200 μm of the osteotomy. The unmodified group displayed areas of cortical thinning, whereas the SBMA + CHX group presented minimal cortical resorption, bony callus and bone deposition around the wire. www.ecmjournal.org for use only in Europe (Metsemakers et al., 2015) . Lucke et al. designed the gentamicin coating to have an initial burst release, resulting in high levels at the tissue/implant interface, with a nearly complete eradication of S. aureus in a rat K-wire model (Lucke et al., 2003; Schmidmaier et al., 2006) . In clinical testing, the use of the gentamicin-coated nail reduces the incidence of infection in small single centre cohorts (Metsemakers et al., 2015) . To more accurately determine its usefulness in decreasing the incidence of infection, a large randomised clinical trial needs to be performed.
While surface coatings may prevent bacterial colonisation and infection, it is crucial to consider the effect of the surface modification on the host tissue. SBMA surface coatings evade host tissue interaction by resisting protein and bacterial absorption, thus increasing the device longevity (Chang et al., 2008; Smith et al., 2012) . However, although protein absorption is discouraged, mineralisation of the SBMA surface is encouraged. In vitro, compared to an unmodified titanium substrate, calcium apatite surface coverage improves by 40 % when a SBMA-modified titanium substrate is used (Liu et al., 2014) . By improving the interaction between bone mineralisation and implant surface, SBMA modifications may improve integration of the implant, reducing bacterial attachment susceptibility (Gristina et al., 1988) .
The amplified use of antibiotics has increased the incidence of antibiotic-resistant bacteria, prompting investigation toward alternate bactericidal materials. CHX is currently used in surgical preparation, as an oral and wound irrigant (Mohammadi and Abbott, 2009; Barnes et al., 2014; Zhang et al., 2017) , and in preliminary investigation toward orthopaedic implant modification (Darouiche et al., 1998; Riool et al., 2017) . At high concentrations, CHX causes complete loss of membrane integrity, resulting in cell lysis and death (Hugo and Longworth 1964; Williamson et al., 2017) . At lower concentration, CHX is bacteriostatic, binding to the bacterial cell membrane and inhibiting cellular respiration, whereas bacterial removal is aided by the host's natural defences. As a cell wall disruptor, it is a broadspectrum antiseptic and, if used appropriately and correctly, it leaves little chance of bacteria acquiring resistance (Hasanvand et al., 2015; Kampf, 2016) . Considering that the MIC for UAMS-1 and for other methicillin-susceptible and methicillin-resistant S. aureus strains is 2 μg/mL, implant coatings do not require a large quantity of CHX (Kampf, 2016) . Fig. 10 . Experiment 4. Radiographic representation 4 weeks post-operative of the morphological differences between inoculated tibiae implanted with an unmodified control K-wire and a SBMA + CHX-modified K-wire. The tibia with unmodified control K-wires exhibited signs of periosteal reaction and osteolysis (arrow) and non-union (arrowhead). Tibiae stabilised with SBMA + CHX-modified wires showed signs of callus formation (arrow) and union (arrowhead).
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Chlorhexidine coating reduces bone infection Wang et al. (2014) have developed a CHX releasing non-fouling SBMA coating that anneals to the surface of titanium, preventing abrasive stripping during implant placement. While the daily release rate measured in the current study was lower than the MIC, the introduction of the released CHX, in conjunction with cefazolin and the host defences, reduced the infection rate within the rat tibiae. In vitro, the leaching CHX reduced S. aureus attachment by 3 log as compared to unmodified titanium. The bone condition contributed to the antimicrobial effect of the CHX surface coating. When placed within an intact bone, such as when placing a prosthetic hip stem, a significant reduction in bioburden was recorded in the bone tissue. However, when placed in a contaminated fracture model, the treatment effect of the CHX coating was reduced. This was potentially related to the increased bleeding around the osteotomy, diluting the released CHX, and the tissue diffusion limitation of the CHX. Despite the inception of CHX coatings for infection reduction, little is understood about its use for orthopaedic applications and its potential effect on bone healing (Riool et al., 2017) . CHX digluconate is cytotoxic at high concentration delivered for short intervals; however, the longer osteoblasts are exposed to even low concentrations of CHX, the larger is the decrease in viability (Giannelli et al., 2008) . The current study determined that coating and subsequent release of CHX had direct effects on bone healing. This study had several limitations. First, only a single pathogen was investigated, but S. aureus is the most common pathogen of orthopaedic infection (Zimmerli and Sendi, 2017) . Second, the mode of bacterial inoculation, directly into the wound at the time of implant placement mimicked what would normally be seen in surgical site infections. Although, in large Gustilo Anderson IIIc fractures, which traditionally follow an "outside-in" injury pattern and are highly contaminated with foreign material prior to definitive IM nail placement, it is postulated that the introduction of S. aureus occurs during hospitalisation and not at the time of injury (Burns et al., 2012) . Also, this model did not provide ultra-rigid fixation of the tibia, which would have led to bone healing through a primary intramembranous mechanism. Instead, this non-locking IM nail model, similar to Miclau et al. (2007) , provided partial stabilisation and initiated secondary endochondral bone formation, the most common mechanism of fracture healing. Finally, data from quantitative histomorphometry, which would have provided additional information regarding the callus formation, were lacking. However, μCT provided values for mineralised bone tissue that were supported by histology.
Reduction of bacterial attachment is necessary for successful orthopaedic implant placement. Implant infection could be catastrophic, requiring extensive antibiotics and subsequent surgical procedures resulting in delayed healing. Surface modification has proven useful in Europe, with the product yet to migrate to the United States. Although not as prevalent in the civilian sector, implant-related infection remains a leading complication in the combat wounded. It is anticipated that the treatment time will increase in upcoming conflicts, thereby further increasing complications, such as infection. An inexpensive implant that will thwart bacterial colonisation of the fracture, while not increasing the burden on the surgeon or patient, is an obvious path toward preparing the wound for its best chances to heal timely and appropriately.
Conclusion
IM nails are one of the fixation devices most used by orthopaedic surgeons, but frequently become contaminated with bacteria, thus delaying fracture union. By applying a non-fouling CHX-releasing coating, the bioburden within the surgical site was reduced. Further investigation is required to optimise CHX use and better estimate the effect of the coating on long-term bone healing and bioburden reduction. 
